Duolite GT-73 resin was used for the preconcentration of Hg(II) from hydrochloric acid media as well as separation of the analyte from diversity of the co-existing metal ions (Al, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, Pb and Zn) in off-line column operation. Due to the high affinity of the resin to the transition metals, Hg was adsorbed alongside with the foreign metals investigated. A complete release of the concomitant metals from the resin without the desorption of Hg was carried out using solutions of HCl and HNO3. A quantitative recovery of Hg was obtained by digestion of the resin using a H2SO4 and H2O2 mixture in an open-vessel system. An enrichment factor of 40 was achieved. The devised procedure was applied for the determination of Hg(II) in tap-water samples.
Introduction
The determination of mercury is a problematical and challengeable analytical task in environmental studies because a reliable trace analysis of that element must meet strict requirements of specificity, sensitivity and accuracy. In fact, despite the development in analytical instrumentation, usually, a direct determination of traces of Hg in various environmental samples, like natural and waste water samples, is unfeasible due to the insufficient detection power of the atomic spectrometry methods used, as well as numerous matrix effects occurred during the determination. 1 As a consequence, typically an initial pretreatment for the enrichment of the analyte by its preconcentration and/or separation from other constituents of the sample is necessary prior to establishing the sensitivity and selectivity of the applied detection technique. 2, 3 Column ion chromatography based on the use of different ion exchange or chelating resins has been considered to be one of the most attractive and effective manners of increasing the sensitivity of spectrometric measurements. 1, 2, 4 In the case of the mercury determinations, usually off-line column procedures [5] [6] [7] [8] have been used more extensively taking advantage of the excellent sorption properties of different solid sorbents with the introduced functional groups containing donor sulfur or nitrogen atoms. On-line flow-injection approaches 9-12 using packed mini-columns with different adsorption or ion-exchange media have also been employed, offering automated sample management for analyte preconcentration and separation as well as prevention from contamination of the laboratory environment. However, in the case of the reluctance of the resin to release bound analytes, solvent elution has generally failed and other approaches to a complete recovery of the determined elements prior to the analysis have to be developed, e.g. dissolution of the resin. 13, 14 Herein, macroporous resin with a thiol functional group, i.e. Duolite GT-73, previously used in batch processes for removing mercury 15 and certain metals, such as copper or cadmium, 16 has been applied for the preconcentration of traces of Hg(II) from water samples before measurements performed by the inductively coupled plasma atomic emission spectrometry method. Different experimental factors affecting the retention efficiency of Hg onto the resin bed, i.e. the solution pH, flow rate of the loaded solution and the presence of other metal ions in the solution, have been thoroughly examined. For release of the adsorbed mercury and other concomitant metals, solvent elution with solutions of HCl, HNO3, KSCN, KCN and (NH2)2CS, respectively, was employed.
By reason of inconvenience of the elution approach to the recovery of Hg from the resin, to liberate the analyte retained onto the columns, a procedure for the decomposition of the resin was proposed and applied.
Experimental

Apparatus
A Jobin Yvon inductively argon-coupled plasma atomic emission spectrometer (Type JY 38S), equipped with a cyclone spray chamber (Jobin Yvon, France) and a concentric nebulizer, TR 50-C1 (J. E. Meinhard, Associates INC California, USA), for the nebulization of sample and standard solutions, was used in all the experiments. The following experimental conditions were applied for spectrometric measurements: incident power, 1000 W; plasma gas flow rate, 13 L min -1 ; auxiliary gas flow rate, 0.20 L min -1 ; carrier gas flow rate, 0.30 L min -1 ; pressure on the nebulizer, 3.0 bars; observation height, 12 mm above the load coil; sample uptake flow rate, 1.0 mL min -1 ; and drain flow rate, 4.2 mL min length, equipped with porous frits and Teflon stopcocks, were used during the column operation.
Reagents
A single-element stock standard solution (1000 µg mL -1 ) of Hg(II), from Johnson Matthey GmbH (Germany), was taken to prepare working standard solutions of mercury at a concentration of 1.0 µg mL -1 . An ICP multi-element standard solution IV (Merck, Germany) was used for the preparation of working standard solutions containing Hg (at concentration of 1.0 µg mL -1 ) and other metals, among them Al, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Pb and Zn, at concentrations of 2.0 and 20 µg mL -1 , respectively. The sample solutions were acidified with HCl to final concentrations of 0.010, 0.050 and 0.10 mol L -1 , corresponding to pH values of 2.0, 1.3 and 1.0, respectively. The acids used, i.e. HCl, HNO3 and H2SO4, were purchased from Merck (Germany). Other chemical reagents applied in this work were of analytical grade. Deionized water, obtained from an EASYpure system, Model D7033 (Barnstead, USA), was used throughout.
The resin used was macro reticular ion-exchange media Duolite GT-73 (Supelco, PA, USA) based on a cross-linked polystyrene matrix with weakly acidic active sites provided by thiol (-SH) functional groups. The resin was in the shape of spherical beads of 16 -50 mesh particle size. Its total capacity was given by the supplier as 1.4 eq L -1 .
Preparation of the column
To pack the columns with Duolite GT-73, 1.25 g portions of the resin were mixed with water and, after 30 min, poured into the columns. The heights of the resin beds were of 25 mm. In order to remove any impurities derived from the manufacturing process, the resin beds were conditioned by washing with 20 mL of a 2.0 mol L -1 HCl solution at a flow rate of 0.50 mL min -1 , followed by 50 mL of water. The flow rates of the aliquots coming from the columns were controlled by using peristaltic pumps (LabCraft, France).
Recovery by digestion of the resin
Due to the very high affinity of Duolite GT-73 to mercury, and a failure of the plain elution for the recovery of that metal from the resin, another approach to the retrieval of Hg after the preconcentration step was decomposition of the resin in an open-vessel system using a mixture of concentrated H2SO4 with the addition of a 30% (m/v) H2O2 solution. For that aim, the columns, after loading solutions containing the analyte and the matrix metals, were rinsed with 20 mL of a 4.0 mol L -1 HCl solution to remove the concomitant metals retained, and then with 75 mL of water. Next, the resin beds were quantitatively transferred from the columns into 150 mL borosilicate glass beakers, and 10 mL of concentrated H2SO4 was added. The beakers were covered with watch glasses and heated on a hot plate until no solid residues in the solutions were observed (ca. 3 -4 h). After that, the solutions were cooled and 5 mL of H2O2 was added. It was heated further for at least for a half an hour to obtain colorless solutions. The resulting solutions were finally transferred to 25 mL calibrated flasks and made up with water to the mark. For the determination of mercury and other elements by the ICP-AES instrument in the solutions achieved after decomposition of the resin, the standard addition method was applied to eliminate any differences in the viscosity of the solutions during their introduction to the nebulization system as well as any possible chemical interference effects in the plasma.
Results and Discussion
Effect of the pH and flow rate of the solution on the sorption of Hg
The effect of the pH of the solution on the sorption properties of Hg(II) onto Duolite GT-73 was examined for pH values of 1.0, 1.3 and 2.0, respectively. Regarding the particle size of the resin beads and the height of the column beds, the flow rate of the solutions percolated through the columns was investigated in the range from 0.50 to 1.50 mL min -1 . To perform the procedure of the preconcentration of Hg from different HCl media, 100 mL solutions containing mercury at concentration of 1.0 µg mL -1 were loaded onto the columns at a given flow rate. The effluates coming from the columns were collected, and then subjected to analysis by the ICP-AES method prior to an assessment of the efficiency of the preconcentration procedure. The adsorption percentages for Hg retained on Duolite GT-73 were calculated as the ratios of the analyte concentrations found in the effluates to the concentration in the initial solutions loaded onto the columns. The results, given as mean values for three replicates with standard deviations, are listed in Table 1 .
It can be seen that mercury was quantitatively adsorbed on Duolite GT-73 under the investigated conditions. Somewhat better results were achieved when the solutions were passed through the columns at a lower flow rate and for the pH of the solutions being higher than 1.0. Such a sorption behavior of Duolite GT-73 and its excellent properties for the concentrating and retrieving of Hg(II) from diluted acidic liquors is mostly provided by the thiol functional group, which is responsible for the formation of a very strong mercury-sulfur bond.
Formerly, Duolite GT-73 was used to remove mercury from water samples in a batch mode protocol. 15 In contrast to the cited report, where the resin was mechanically agitated with the solutions for 24 h to provide sufficient contact of mercury with the adsorption media, in the present study, using column operation, the complete retention of mercury was attained after 3.3 h (for 100 mL of the solution and a flow rate of 0.50 mL min -1 ). The high tendency of Duolite GT-73 to bind metal ions was also employed for the preconcentration of Au(III) and Pd(II) from solutions acidified with HCl. 17 However, a quantitative retention of these two noble metals was obtained after 24 and 10 h of mixing the resin with solutions containing noble metals, respectively, for Au and Pd.
Effect of diverse metal ions on the sorption of Hg
The effect of diverse metal ions present in solutions on the sorption efficiency of Hg was studied for a mixture of these metals. Solutions having a volume of 100 mL and a pH of 1.3 or 2.0, containing Hg at a concentration of 1.0 µg mL -1 and metals (Al, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Pb and Zn) at concentrations of 2.0 or 20 µg mL -1 , respectively, were passed through columns packed with Duolite GT-73 at a flow rate of 0.50 mL min -1 . With the purpose of determining the efficiency of the retention of Hg in the presence of foreign metal ions, the effluents from the columns were collected and the concentrations of the analyte as well as the other metals examined were measured and compared with those in the initial solutions loaded onto the columns.
It was found that the presence of matrix metals at overall concentrations corresponding to 46 and 460 µg mL -1 , respectively, had no effect on the adsorption efficiency of Hg(II) ions on Duolite GT-73. For example, the adsorption percentages of Hg, obtained for solutions containing a mixture of all metals at concentrations of 20 µg mL -1 , were 99.2 ± 0.6% 
Recovery of Hg by plain elution
The recovery of Hg, adsorbed on Duolite GT-73 from solutions of pH 2.0 and containing matrix metals at concentrations of 2.0 or 20 µg mL -1 was carried out by solvent elution using moderately concentrated solutions of acids (HCl, HNO3) and solutions of the complexing agents, i.e. KSCN, KCN and (NH2)2CS. After the preconcentration step, the columns were rinsed with 10 or 20 mL portions of the eluents at a flow rate of 0.50 mL min -1 . All of the 10 or 20 mL fractions of the eluates were collected, while discarding 1.0 mL aliquots referring to the dead volume of the resin bed. The resulting solutions were then subjected to analysis, and the recoveries of metals for the elution procedure were calculated. In order to minimize any likely matrix effects, the concentrations of acids and the contents of the complexing agents in the standard solutions taken for the calibration were matched exactly with those in solutions of the analyzed eluates.
It was found, that none of the eluents used, i.e. 2.0 and 4.0 mol L -1 solutions of HCl, 2.0 and 4.0 mol L -1 solutions of HNO3 and 0.50 mol L -1 solutions of KCN and KSCN, were able to recover Hg from Duolite GT-73. The obtained recoveries ranged from 0.5% for use of a 4.0 mol L -1 solution of HNO3 to 5.2% for applying a solution of 0.50 mol L -1 of KSCN. Even thiourea, which was formerly recognized as an effective agent for the recovery of mercury 5, 6, 8, 10, 12 from different resins, at concentrations of 1.0 and 2.0 mol L -1 (for the latter one in the mixture with 0.50 mol L -1 HCl), had a weak elution power to release that metal from Duolite GT-73. In that case, the recoveries of Hg were less than 30%.
In opposition to mercury, which remained unresolved, 2.0 and 4.0 mol L -1 solutions of HCl and HNO3 were shown to be beneficial for release of the transition metal ions (Cd(II), Co(II), Cr(III), Cu(II), Fe(III), Mn(II), Ni(II), Pb(II) and Zn(II)) retained on the resin alongside Hg(II). Especially, the use of 20 mL of a 4.0 mol L -1 solution of HNO3 led to a quantitative desorption of the concomitant metals, except for Cr, for which 75% recovery was reached (see Fig. 1 with the recoveries for Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn given as mean values for three replicates with standard deviations). Such an occurrence was of special importance since the developed procedure, based on the use of a Duolite GT-73 in column operation, made it possible to separate mercury from the other metal components, particularly transition metal ions, considered as being troublesome in the determination of Hg in water samples by cold-vapor techniques. 12 Batch-desorption experiments for the recovery of Cd and Cu 16 as well as Au, Cu and Pd 17 from Duolite GT-73 were performed before using solutions of HCl, H2SO4 and thiourea acidified with HCl. The procedures proposed in both cited works were time-consuming (up to 24 h and up to 48 h, taking into account the initial process of sorption of the metals of interest on the resin), while the recoveries attained for the noble metals were rather inappropriate for analytical purposes. However, similarly as here, a very promising fact reported by Iglesias et al., 17 in view of the analytical application of Duolite GT-73 for the initial sample pretreatment, was the possibility of a complete release of the transition-metal ions from the resin by using moderately concentrated acid solutions and their selective separation from the analytes that remained unresolved on the resin under these conditions.
Digestion of the resin
The reluctance of Duolite GT-73 to desorp retained Hg by means of the solution elution led us to develop a different approach to the complete release of the analyte-decomposition of the resin with Hg adsorbed on it. Consequently, several of the most often-applied mineralization procedures were tested to select the one with respect to a reasonably short time of the decomposition and prevention from any losses of the analyte. Dry ashing at atmospheric pressure in a muffle furnace, being frequently employed to ensure quantitative decomposition of the sample and removal of the organic matter, 18 was rejected due to problems with the volatilization of mercury during the ashing process. Concerning the amount of resin used for column preparation (1.25 g) and the resistivity of the polystyrene matrix of Duolite GT-73, wet digestion procedures using different oxidation reagents, i.e. HNO3, the mixture of HNO3 and H2O2, the mixture of H2SO4 and HNO3, and finally the mixture of H2SO4 and H2O2, were examined as well. It was found that an attack with the aid of HNO3 or a mixture of HNO3 and H2O2 appeared to be useless for degradation of the organic matter of the resin framework, mostly due to insufficient temperature of the boiling point of nitric acid (ca. 120˚C). The most suitable procedure for the total decomposition of the resin was mineralization in an open-vessel system using a mixture of concentrated H2SO4 and 30% (m/v) H2O2. Formerly, the use of that digestion mixture was thoroughly discussed by Hoening et al. 19 based on the efficiency of the digestion procedure and with special respect to the determination of mercury. Likewise, in the cited work, it was established here that a mixture of H2SO4 and H2O2 was the best method to overcome any losses of the analyte during the digestion process. In the case of the solution resulting from digestion of the resin as received, no presence of contaminant mercury was found.
Recovery of Hg
To ascertain the preconcentration factor for the whole procedure of the enrichment and the recovery of Hg devised here, 100, 500 and 1000 mL solutions containing 100 µg of Hg(II) ions and 2000 µg each of the matrix metals (among them Al, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb and Zn) were adjusted with HCl to pH 2.0, and then passed through columns packed with Duolite GT-73 at a flow rate of 0.50 mL min -1 . After preconcentration, the columns were rinsed at the same flow rate with 20 mL of a 4.0 mol L -1 HNO3 solution to remove from the resin any retained foreign metals, and then with 75 ml of water. Next, the resin beds were transferred from the columns into the beakers and the dissolution procedure was performed. The resulting solutions were subjected to analysis by the ICP-AES method, and the efficiency of the entire protocol was evaluated. The following recoveries (mean values for three replicates with standard deviations) of Hg were found: 101 ± 3% for 100 mL solutions, 98.2 ± 3.6% for 500 mL solutions and 92.0 ± 4.8% for 1000 mL solutions. As a result, the devised procedure of the preconcentration and the recovery of Hg gave preconcentration factors of up to 40.
Analytical application
The proposed protocol for the preconcentration of Hg(II) ions from acidic media, the separation of the analyte from other concomitant metal ions and its recovery by acid dissolution of the resin, was applied for the determination of mercury in tapwater samples. Because no original mercury concentration was found in the samples (1000 mL), they were spiked with Hg (10 µg) and adjusted to the appropriate pH (2.0). The added and recovered amounts of mercury in the studied tap-water samples were in a good agreement.
Conclusions
As previously reported, Duolite GT-73 was found to be very selective for the sorption of mercury, and had a high tendency to bind with other co-existing metals from acidified water samples. In opposition to earlier described batch experiments, here, the column operation was shown to be a considerably faster method, making the Duolite GT-73 applicable for analytical purposes. The proposed procedure, employing a relatively simple, cost-effective and easy in operation by technical personnel equipment, can be adopted in the removing and preconcentration steps of a wide range of the analyzed metal ions (Al 3+ ) as well as to enrich and separate Hg(II) from the other concomitant ions in various types of samples, particularly in urban water samples.
Due to the very strong affinity of the resin to mercury, recovery of that analyte was carried out by the decomposition of the resin with a mixture of H2SO4 and H2O2, which is an encouraged digestion mixture for the determination of that metal without any volatilization loss of the analyte. The preconcentration factor evaluated for the entire protocol was of 40, and can be further improved, considerably increasing the detection power of any atomic spectrometry instrument used for the measurement of Hg.
